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SUMMARY 


Previous work showed that heptane and isooctane not only differed 
greatly In respect to their susceptibilities to vapor -phase oxidation 
but that the nature of the oxidation products was also different. These 
facts were interpreted on the basis of the tenperature required for oxi- 
dative attack and on the thermal stability of the alkyl and peroxy radi- 
cals obtained. This work has been extended to other aliphatic hydro- 
carbons in the present investigation. 

Ejcperlments with 2,2,5-'^iriiiiS‘4hylh,exane, which differs frran isooctane 
in having one more methylene group, show that this conrpound occupies an 
intermediary position between isooctane and n-heptane in susceptibility 
to oxidation. The addition of a methylene groip reduces the resistivity 
of a hydrocarbon to oxidation. 

The 2,2-dimethyibutane, which contains two secondary C-H bonds, is 
more easily oxidized than its iscmer, 2,5-diniethylbutane, which contains 
two tertiary C-H bonds. This apparent anomaly may be due to the fact 
that tertiary C-H bonds in 2,3-dimethylbutane are sterically shielded 
from oxygen attack by the adjacent methyl groups. 

In the temperature range from 550° to 4-50° C 5-beptene gave oxida- 
tion products similar to those from n-heptane but showed greater resist- 
ance to oxidative attack. At tenperatures of 500° to 550° C, isobutene 
appeared slightly more susceptible to oxidation than isobutane. Possible 
explanations for these observations eire suggested. 

When a reaction tiibe with 1/4- inch inside diameter was used, iso- 
octane gave oxidation products similar to those previously reported with 
the l/l6-lnch tube. However, for a given contact time the extent of 
reaction and the danger of explosion were much greater in the larger 
diameter tube. These results illustrate the importance of a high surface- 
to-volume ratio in controlling vapor -phase oxidation processes. 
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INTRODUCTION 


Previous work on the investigation of the reaction processes le^ing 
to the spontaneous ignition of hydrocarbons (ref. l) showed, that the 
structure of the hydrocarbon influences the ease of oxidative attack and 
the thermal stability of the alkyl and peroxy radicals initially formed. 
Other iinpo2rbant factors controlling the rate and course of the vapor- 
phase oxidation of iiydrocarbons are teii^seraturej contact time, and "wall 
effect." The effect of the type of C-H bonding in the molecule was shown 
previously by comparing the intermediate oxidation products of isooctane 
B.nd n-heptane. Preliminary experiments with Isobutane and 2 , 2 , 5 “ 
tj’imethylhexane provided further evidence for the order of C-H stability. 
The order of Increasing resistance to oxidative attack of the above 
compounds was found to be n-heptane, 2,2,5-trimethylhexane, and isooctane. 

The present study has had as its objective a comparison of the 
behavior of other hydrocarbons with those previously studied. A study 
of the behavior of olefins and some exploratory work on the effect of 
the ratio of s-urface to volume on the extent of oxidation in the early 
stages was also included. This investigation was conducted at the 
Applied Science Research Laboratory of the University of Cinc inna ti under 
the sponsorship and with the financial assistance of the National Advisory 
Committee for Aeronautics. 


DESCRIPTION OF APPARATUS 


The apparatus vised in this investigation has been described in a 
previous report (ref. l) and consists essentially of three parts: 

(1) The hydrogen -oxygen mixing tvibe, held at constant temperature during 
the experiment, (2) the oxidation chamber, composed of a 15-inch-long 
glass tube with either I/16- or l/I{— inch inside diameter in an electri- 
cally heated furnace, and (5) cold traps (- 70 ° C) for rapid (juenching of 
the reaction products. A final scrubber containing an aq.ueous solution 
of 2,4- dinitrophenylhydrazine reacts with volatile carbonyl compounds. 

Cylinder oxygen was dried by passing it throvigh sulfuric acid and 
the oxygen was then conducted through a calibrated flowmeter and into 
the hydrocarbon held at a constant temperature so as to obtain a known 
fuel-oxygen mixture. Temperatures were selected to secure a stoichio- 
metric mixture of fuel and oxygen in all experiments. With the less vol- 
atile compounds tested, for example, isooctane and 2,2,5-trimethylhexane, 
a refluxing vapor bath was utilized to maintain the hydrocarbon at the 
necessary temperature. However, with the more volatile compounds, for 
example, 2,2-dlmethylbutane and 2,5-dimethylbutanq, the proper temper- 
ature of the hydrocarbon was obtained by circulating coolant at a 
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controlled ten 5 )erature around the hubhler tube. The oxygen was also 
precooled to the same temperature before mixing. With the gaseous com- 
pounds, for example. Isobutane and isobutene, a second calibrated flow- 
meter was used to measure the hydrocarbon, and thorough mixing was 
obtained by the t\u*bulent flow of the fuel-oxygen mixture through a 2-inch 
section of stainless-steel column packing and a fritted-glass scrubber 
tube. The fuel-oxygen mixture was then passed through the reaction 
chamber at a selected contact time and temperature and the reaction 
products were quenched in the cold traps. 

For the most part the oxidation was conducted in a l/l6 -inch-ins Ide- 
diameter glass ttbe, where a large "wall effect" would assist in control- 
ling and quenching the reaction d'uring the early stages. To examine 
the effect of a larger diameter tube on the oxidation of isooctane, a 
l/4-inch- inside-diameter tube was substituted for the l/l6-lnch-inside- 
dlameter tiibe. The tenperature distribution throughout the l/l{--lnch- 
inside-diameter tube was measured at various temperature settings as 
before (ref. l) . From the curves obtained (fig. l) it is apparent that 
there is little change in the tenperature distribution from the l/l6-inch- 
inside -diameter tube. 


TEST PROCEDURE 


The reaction mixture frcm each experiment was quenched and analyzed 
as described previously (ref. l) . To analyze for the various reaction 
products the water-soluble conponents were separated from the organic- 
soluble conponents by several extractions of the mixture with water. 

The water phase was analyzed for total peroxide, hydrogen peroxide, total 
carbonyls, aldehydes, and acids. The organic phase was tested for 
peroxides, carbonyl conpoumds, and olefins. 


Total Peroxides 

Total peroxides were determined iodometrically. A piece of dry ice 
was added to 10 cubic centimeters of glacial acetic acid in a titration 
flask to sweep out the air. After excess potassium-iodide solution was 
added to the sample and it was allowed to stand in the dark for l/2 hour, 
the liberated iodine was titrated with O.l-normal sodium thiosulfate. 


Hydrogen Peroxide 

Hydrogen peroxide was determined colorimetrically by the reaction 

with titanium-sulfate reagent (ref. 2) . The percent light absorption at 
li^n n r-T-r-n tt m with ■ "Ti'' r*t rnnhot nTP<=t <=>r nufl th» v°Tu“ nf 
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the hydrogen-peroxide content corresponding to this percent absorption 
was read directly from a calibrated chart.' 


Carbonyl Compounds 

Carbonyl compounds were determined gravimetrically by precipitation 
of the 2,4-dinitrophenylhydrazones using the reagent solution described 
by Shriner and Fuson (ref. 3) • 


Olefins „ 

Olefins were determined by hydrogenation as described by Siggia 
(ref. 4) . Platinum-oxide catalyst was used. The peroxides and carbonyl 
compounds must be removed prior to this determination. 


Aldehydes and Acids 

Aldehydes were determined as the derivative of methone (ref. 5) • 
Acids were detennined by titration with O.l-normal sodium hydroxide 
using phenolphthalein as indicator. 


RESULTS AND DISCUSSION 
Oxidation of Various ^rdrocarbons 


2,2,5 -tr imethylhexane . - Preliminary data for the oxidation of 
2,2,5 -tr Imethylhexane 


CHj 

CH^— C — CH^— CHg— CH— CH^ 

CH5 CHj 

were recorded in an earlier report (ref. l) . This coDpound was investi- 
gated further because of its similarity to Isooctanej it differs only in 
having an additional methylene group. The reactions of this compound, 
as well as of the other hydrocarbons discussed in this report, were con- 
ducted in a l/16-inch-inside-diameter glass reactor tube. As shown in 
table I, in the initial stages of the oxidation of 2, 2, 5 -tr imethylhexane 
at 450° C and at short contact times a high ratio of organic peroxides 
to hydrogen peroxide is obtained, and in this respect the oxidation 
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resembles that of n-heptane. Similarity to isooctaae is also noted In 
the early stages j the yield of olefins exceeds the yield of carbonyl 
ccanpoTinds (see reaction 1, table l) . At higher temperat'ures and longer 
contact times the yield of Iqrdrogen peroxide increases and is greater 
than that of organic peroxides, while the carbonyl formation Increases 
rapidly. These later stages are characteristic of the oxidation path 
of isooctane. This is to be expected because of the similarity in chem- 
ical structure of the two hydrocarbons and because of the lessening of 
the selective action of the primary, secondary, and tertiary C-H bonds 
at the higher tenperat-ures. 

A comparison of the effect of contact time on the product distri- 
bution from the oxidation of 2,2,5-trimethylhexane and Isooctane at 
550° C is shown in figure 2. The rate of olefin and hydrogen-peroxide 
production is about the same for both compounds although the absolute 
quantities are larger for the nonane. The most striking difference in ■ 
behavior of the two conpo'unds is the large amount of carbonyl formation 
frcaa 2,2,5-trimethylhexane, a phencmenon characteristic of the oxidation 
of strai^t chain hydrocarbons. Eiese data afford additional evidence 
that the relative resistance to oxidative attack for these three hydro- 
carbons is Isooctane > 2,2,5-trimethylhexane > n-heptane. 


2 ) 2 -D imethylbutane . - Data pertaining to the vapor-phase oxidation 
of 2,2 -dlmethylbutane 



CHj — C — CH^— CHj 


CHt. 


are shown in table H. Like Isooctane and isobutane, this hydrocarbon 
requires high temperatures for appreciable oxidative attack; this is to 
be expected in accordance with the structural similarities of the three 
hydrocarbons. One also would predict from the relative number of pri- 
mary C-H bonds in 2, 2 -dlmethylbutane that its resistance to oxidation 
should lie between Isobutane and isooctane; this was found to be the 
case. 2, 2 -D imethylbutane is less resistant to attack than isobutane 
(cf . table H with table IH) and is slightly more resistant than iso- 
octane. However, this latter difference is difficult to evaluate since 
the data for 2, 2 -dlmethylbutane are at 500° C and those for comparable 
contact times with Isooctane are at 550° 0 (ref. l) . The ratio of 
hydrogen peroxide to organic peroxide is low (approximately 0.5 an<i 1-5 
from reactions 1 and 2, respectively, in table II), in the Initial stages 
of oxidation, in contrast with that for isooctane and isobutane. The 
higher ratio is reached only at longer contact times (reaction 3^ table II) . 
At shorter contact times (reactions 1 and 2) , the olefin yield is high 
n.-ni^ the carbonyl yield is low; both res\ilts are similar to those obtained 
with isobutane. 
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2 , 3 -Dlmethylbutane . - The 2,3-<ii“'e‘fci>ylb-utane 


CH5 


\ 

CH-CH 


CH5 

/ 

\ 


CH5 GH5 


shows oxidation characteristics similar to 2,2-d.imethylbutane. Table IV 
sijmmarizes preliminary data recorded for this con^jound. As with other 
conpoimds that are attacked appreciably only at high temperatures, 
2,5-<3.1^e't;bylbutane yields mainly hydrogen peroxide and olefins in the 
initial oxidation processes. The ratio of hydrogen peroxide to organic 
peroxide is about eq.ual to or greater than 1, being of the same order of 
magnitude as the 2,2 isomer. As expected from the highly branched nature 
of the hydrocarbons, the carbonyl compounds found with both the 2,3- and 
the 2,2-dimethylbutane are mainly ketones. 


Comparison of 2,2-dlmethylbutjane and 2^3-<3-imethylbutane .- Since 
2,2-dimethylbutane and 2 . 3 -dlmethylbutane are isomeric and differ only 
in the number of secondary and tertiary C-H bonds, a comparison of their 
behavior was of Interest. 2, 2 -Dlmethylbutane has two secondary and no 
tertiary C-H bonds, and 2,3-^lBiethylbutane has two tertiary and no second- 
ary C-H bonds, while both have the same number of methyl grotps. The 
initial experiments with these two conpounds at 500° C and 0. 08-second 
contact time (reaction 2, table II, and reaction 1, table IV) show that 
the extent of oxidative attack and the nature of the products formed are 
similar. However, 2,3-dinisthylbutane is slightly more resistant to oxi- 
dation, as evidenced by the lower yield of products. This is in contrast 
with predictions based on the relative reactivities of secondary and 
tertiary C-H bonds in the combustion of paraffins as outlined in refer- 
ence 6. The reason for this anomaly probably lies in the steric arrange- 
ment of the methyl groups in the two structi^es. The secondary hydrogen 
atoms in the 2,2-isomer are exposed while the tertiary hydrogen atoms 
must be in a trans configuration for maximum freedom from overcrowding. 

In this conf Igirration the shielding effect of the methyl groups la the 
greatest. The qualitative re stilts herein reported agree with the work 
of Cullis and Hinshelwood (ref. 7 ) w^ho have' shown the relative rates of 
oxidation of the 2,2- and 2,5-iscaiiers to be 12 and 1, respectively. 

3-Heptene . - Results obtained from the oxidation of 5-beptene 


CH5-CH2-CH=CH-CH2-CB^-CH5 

are summarized in table V. The contact time was held constant at 
0.04 second and the temperature was varied. The molar ratio of oxygen 
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to hydrocar'bon was 10:1. The greater resistance of 5-lifiP'fcene to oxida- 
tive attack as compared with n-heptane is evident from, a study of table V 
and is shown in figure 5 * The data for n-heptane were taken from those 
reported in previous work on the program (ref. l) . In each reaction 
mixture, under the sajne conditions of ten^ierature and contact time, the 
yield of oxidation products is less with the olefin. A striking feature 
of n-heptane reaction is the more than a hundredfold increase in extent 
of reaction exhibited on raising the tenqperature from 550° to 400° C. 

This phenomenon also occurs with 5-^ep’beiie, but to a lesser degree and 
through a range 50° C higher, 400° to 4-50° C. Beatty and Edgar (ref. 8 ) 
report that the initial oxidation of 5-liep'fcene begins 56 ° C higher than 
that of n-heptane, when a reaction tube with 1 -inch inside diameter is 
used. The smaller STirface-to-vol\mie ratio of their tube provides a less 
sensitive control of reaction than the use of a l/l 6 -lnch-inslde-diameter 
tube, and undoubtedly their observed “initial oxidation" corresponds to 
the sharp rise in product yield reported here. 

At 550 ° C n-heptane and 5-heptene both give greater yields of 
organic peroxides than of hydrogen peroxide, but the ratio is much 
greater with the paraffin. At higher ten^jeratures where the reactivity 
of the oxygen has Increased appreciably, the initiation reaction is more 
extensive and hydrogen peroxide is formed in larger quantities than the 
organic peroxides (see ref, 1, p. I 5 ) • As with the n-heptane, the for- 
mation of large amounts of carbonyl compounds from 3-beptene indicates 
less selectivity and a more general degradation than with the highly 
branched hydrocarbons. Olefin determinations with 5-lieptene were not 
attempted . 


The greater resistivity of 5-heptene than of n-heptane to vapor- 
phase oxidation is at variance with their relative ease of oxidation at 
room temperatTjre . The latter results frcm the reactivity of the allylic 
C-H bonds of the olefin under conditions where the other secondary C-H 
bonds are svibstantlally inert. However, it appears that at higher tem- 
peratures the reactivity of the C-H bonds all along the chain approaches 
that of the allylic C-H. There would then seem to be two major reasons 
for the greater reactivity of the paraffin at these higher temperattues: 
( 1 ) The greater number of secondary l^drogen atoms, and therefore a 
statistically greater number of points vulnerable to attack, and ( 2 ) the 
resonance stabilization in radicals such as R-CH-CH=CH-R ' R-CH=CH-CH-R ’ , 
and therefore their lower reactivity (ref. 9 ) • 


Isobutene.- Scsne 


runs were made with Isobutene 


CHj-C=CH2 
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in order to coiopare the behavior of this olefin with that of the coire- 
sponding saturated hydrocarbon, isobutane. The results are reported in 
table III and in figure 4. Some of the data” in table III were taken 
from previous work on this program (see ref. l) . A temperature of 550° C 
was necessary for any appreciable oxidation bo occur at contact times of 
0.08 and 0.l6 second. The most noticeable difference between reaction of 
the two compounds is in the oxidation products. While isobutane yields 
both organic and hy(^ogen peroxides, only hj^ogen peroxide is found 
with isobutene. Also, the only carbonyl ccm 5 )ound formed in the partial 
oxidation of Isobutene is formaldehyde, whereas only half of the quan- 
tity of carbonyl compounds from isobutane is formaldehyde; the other 
half is most probably acetone and isobutyraldehyde . A possible mechanism 
for the oxidation of Isobutene consistent with these facts is as follows; 

C=C-C + 02-^ C=C-C- + -OOH (la) 

C C 

C=C-C + •00H->C=C-C- + BOOH (lb) 

1 ! 

c c 

At 550° C the activity of the oxygen molecule is great and free radical 
initiations (la) and (lb) account for the abundance of hydrogen peroxide. 
Further reaction with oxygen of the free radical formed couild possibly 
involve chain propagation, as in equations (2) and ( 5 ) : 

C=C-C* + 02-^C=C-C00‘ ( 2 ) 

C C 

C=C-C00« + C=C-C-^C=C-C00H + C=C-C* ( 5 ) 

I II I 

c c c _ c 

However, the hydroperoxide foimed according to equation ( 5 ) would be 
very unstable (if formed at all) because of the high ten 5 )erature, and 
Indeed no alkyl hydroperoxide is found in the experimental studies. In 
accordance with the work of Rust, Vaughan, et al, (ref. lO), the alkyl- 
peroxy radical and any alkyl hydroperoxide no doubt would decompose to 
the alkoxy radical (eqs. (4a), (4b), and ( 5 )); 

C=C-C‘ 

I 

C 

C=C-C00 • > C=C-C00C-C=C— > 2C=C^C0 • (4a) 
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C=C-COO* 

1 

c 

C=C-COO > 2C=C-C0* + Op 

I I 

c c 


C=C-COOH-?C=C-CO* + *0H ( 5 ) 

I I 

C C 


Formaldebyde arises from, the decoD5>osltlon of this alkoxy radical as in 
eq.uation (6) ; 


H .0 

C=C-C- 0 *->C=C* + H-C (6) 

1 H I H 

C C 

The fate of the subsequent free radical from eq^uation (6) is more doubt- 
ful. Bretton, Wan, and Dodge (ref. ll) indicate that the radical reacts 
with more ojqrgen and ultimately forms acetic acid and a second molecule 
of formaldehyde. These products correspond well with those detected in 
the present determinations. 

The data shown in table TTT for isobutene are too limited to show 
any clear difference in the relative ease of oxidation of Isobutene and 
isobutane. The resTilts obtained, however, indicate a slightly greater 
resistance for Isobutane. This would be consistent with the relative 
spontaneous ignition tsi5)erat-ures of polyisobutylenes and hydrogenated 
poly isobutylenes (ref. 12) and with the effect of unsaturation on the 
critical ccffiipression ratios of highly branched hydrocarbons (ref. 6). 


Effect of Eatio of Surface to Volume 

As pointed out earlier, the l/l6-inch-lnslde -diameter glass reactor 
tiibe has been employed in. order to make use of the "wall effect" for 
quenching the reaction in its initial stages. While this procedure was 
quite successful, it was desirable to study the same oxidation in a 
larger reaction tube to obtain seme quantitative measure of the effect of 
surface -to -volume ratio on the nat\nre and extent of the reaction. There- 
fore an experiment on Isooctane was conducted siibstituting a l/lt-inch- 
inside -diameter glass tiibe for the l/l6-lnch-inside-diameter tiibe. 

Results obtained with the l/il— inch tiibe are compared with those of the 
l/16-lnch tiibe in table VI, enploying a stoichiometric oxygen-isooctane 
mixture at k^0° C and 0 . 68 -second contact time. It is evident from 
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these data that the initial reaction occurring in l/l 6 - and l/lt— inch 
reaction tubes is substantially the same. As escpected, the extent of 
reaction increases with increasing tube size, that is, decreasing surface 
to-volume ratio. In atten^jting a further con 5 )arlson between these tubes, 
isooctane was oxidized at 550° C and 0. 24-second contact time. Whereas 
the l/l 6 -lnch glass tube enabled controlled reactions at this tempera- 
txjre, explosive reactions resialted with the l/4-inch tube. In view of 
this, no attempts were made to eurploy the l/4-inch tube with hydrocarbons 
which ignite in the low-tenperature region, for example, n-heptane. 

The suitability of the l/4- inch reactor at 450° C and its unsuitabll 
Ity at 550° C also give additional significance to spontaneous -ignition- 
temperature measurements. Thus, while differences in the reaction cham- 
ber used for determining spontaneous ignition temperatiire and the present 
oxidation tube prevent any but qualitative comparison, it is noteworthy 
that Isooctane undergoes spontaneous ignition at about 450° C in a 
125 -cubic -centimeter flask (ref. I 5 ) but at about 500° C in a 45-cubic- 
centlmeter ignition chamber (ref. l4) . Extrapolation would suggest a 
spontaneous ignition tenperatiue in small -diameter tubes in the 550 ° to 
600 ° C range. Present results indicated that Isooctane undergoes an 
almost instantaneous autoignition in a l/4-inch tube at 550° C, while 
there is an appreciable Induction period at 550° C in the l/l£-inch tiibe. 
At 450 ° C, the induction period in a l/4-lnch tube is siifficient to per- 
mit considerable reaction without explosion. These results serve to 
emphasize the Importance of. a high surface -to -volume ratio in obtaining 
controlled vapor -phase oxidation. 


CONCLUSIONS 


From the investigation of reaction processes leading to spontaneous 
ignition of hydrocarbons the following conclusions can be drawn: 

1. The effect of adding a methylene group to a highly branched 
hydrocarbon is to reduce its resistance to oxidationj for a given set 
of reaction conditions, the relative amounts of organic peroxide and of 
carbonyl compounds Increase, and the over -all yields of oxidation prod- 
ucts are higher. 

2. In the oxidation of Iscsnerlc branched hydrocarbons, the differ- 
ence in resistance to oxidation is dependent upon the difference in 
structural configuration. While, in general, ease of oxidation of C-H 
bonds Increases in the order primary < secondary < tertiary, steric 
effects may outweigh normal reactivity considerations. 

5 . n-Oleflns are more resistant to vapor -phase oxidation than the 
corresponding paraffins. Highly branched olefins appear somewhat less 



MCA m 5584 . 


11 


resis'bant ■fco vapor -phase oxidation than the corresponding paraffins. 
However, Insufficient data are available to permit any hroad generali- 
zations among these compounds. 

4. The major products obtained in the oxidation of 3-heptene at 
lower tenperattures ( 350 ° to 450° C) are similar to those obtained with 
n-heptane in tbe same temperature range but are produced in smaller 
amounts. Resonance stabilization in the radical and the fewer numiber 
of C-H bonds available for attack are suggested as reasons for the 
greater resistance of the n-olefins to oxidative attack. 

5. Major products obtained during the initial stages of the oxida- 
tion of isobutene axe hydrogen peroxide and formaldehyde. 

6. The order of resistance to oxidation of the hydrocarbons for 
which comparable data are available is isobutane > isobutene > iso- 
octane > 2,2,5“'fcrlmethylhexane > 3-heptene > n-h^tane. 

7. The extent of a vapor -phase oxidation Increases with decreasing 
stn*face-to-volume ratio if other factors remain constant. Thfi "wall 
effect" provided by a large sxnrface-to-volume ratio is very helpful in 
maintaining reaction control in high-temperature vapor-phase oxidation. 

University of Cincinnati, 

Cincinnati, Ohio, December 2, 1953. 
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TABLE I.- 


Reactloja mixture number 


Conditions : 

Coi^josltlon, mole bydrocarbon/moles 


oxygen .... 
Temperature, °C 

’h'^TniQ 

M 1 1 . .I n* • y WWW 


Product analyBls: 

Bydrogen peroxide, TnllllTnoIes /mole 

2.2.5- trlmethyliexane cliarged . 
OrgEuiic peroxides, milli.mole s /mole 

2.2.5- trlmetl^lliexaiie charged . 
Olefin, rnllllmole s/mole 

2.2.5- trlaethylliexane charged . 
Tot^ carhonyl, mllllmolea/mole 

2.2.5 - trimethylhexane charged . 
Pormaldebyde, millimoles/mole 

2, 2, 5 -trimethylhexane charged . 
Acid, mlUlmoleB/mole 

2, 2, 5 -trimethylhexane charged . 


H 

-Ff 


ION OF 2,2,5-TElIMHCHYLHmNE 


• • 

■1 

2 

5 

B 

5 

6 

7 

• • 

O.OT 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

• ■ 

450 

450 

450 

450 

550 

550 

550 

* • 

o,o 4 

n nft 

W P 

n 

w • -i-w 

0.24 

0 nk 

w p w-r 

0.08 

n 

■ « 

0.03 

0.6 

17 

39 

if . 7 

7.3 

11 

• • 

2.0 

1.2 

— 

3.7 

1.8 

4.3 

6.4 

• • 

o. 4 o 

5.3 

15 

7.8 

4.4 

6.1 

28 

• • 

Trace 

24 

51 

180 

22 

70 

— 

• • 

None 

1.5 

15 

35 

0.9 

6.8 

12 

• • 

None 

5.0 

7.5 

15 


2.8 

9.4 
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!EAHLE II.- QmATIOH OP 2,2-DIMEaBn.BtIEAIDE 


Reaction mixture number 

1 

2 

5 

Conditions : 

Composition, mole bydrocarbon/moles 

oxygen 

o.n 

0.11 

0.11 

Ten^ierature, 

500 

500 

500 

Contact time, sec 

0.04 

0.08 

0.16 

Product analysis: 

Hydrogen peroxide, miUiraoles/mole 

2,2-^imethylbut^e charged 

0.20 

1.2 

19 

Organic peroxides, millimoles/mole 

2,2-dimetbylbut^e charged 

0.57 

0.8 

0.25 

Olefin, mlllimoleB /mole 

2,2-dimethylbutane charged 

1.5 

5.6 

12 

Tot^ c^arbonyl, mllllmoles/mole 

2,2-dlmethylbutane charged 

OJrace 

0.75 

75 

Formaldehyde, mllUmoles/mDle 

2,2-4imethylbutane charged ....... 

Ttrace 

0.25 

55 

Acid, mimraoles/mole 

2,2-diraethylbutane charged 

None 

o.4o 

7.8 




H 

ON 


lABLE HI.- QXHWriON OF ISOBUTEHE AND I30BU!EANE 



Isobutene 

iBobutane 

Reaction mixture number 

1 

a 

1 

2 

Conditions ; 

Coc5>oaltion, mole hydrocarton/mole 

oxygen 

O.IT 

0.17 

0.15 

0.15 

Temperature, °C 

550 

550 

550 

550 

Contact time, sec 

0.08 

0.l6 

0.08 

0.16 

Analysis: 

l^ydrogen peroxide, millimole a/mole 

bydrocarbon charged .......... 

1.8 

3.5 

1.2 

3.6 

Organic peroxide, mill Imolea /mole 

hydrocarbpn ch^ged 

None 

None 

0.6 

0.8 

Olefin, millimoleB/mole 

hydrocarbon charged 

(a) 

(a) 

2.5 

b.6 

Total carbooyl, millimoles/mole 
hydrocarbon charged 

3.1 


^0.2 

CO 

• 

0 

Formaldehyde, millimoleB/mole 

tQrdrocarbon charged 

3.1 

5.9 

^0.1 

^ 0.4 

Acid, millimole a/mole 

hydrocarbon charged 

0.8 

0.6 

— 

— 


®'Not determined. 
^Approximate value. 
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TABLE IV.- OXIDATION OF 2^3-J3IMETHrLBUTAl]E 


Reaction mixture number 

1 

2 

Conditions; 



Conipoaition^ mole hydrocarton/mole 



oxygen 

0.11 

0.11 

Temperature, °C 

500 

500 

Contact time, sec , 

0.08 

0.16 

Product analysis: 



Hydrogen peroxide, millimole s/mole 



2,5-dlmettiyIbut^e charged 

Organic peroxides, mlUimoleB/mole 

0.57 

0.76 

2.0 

2,3-dimethylhutme charged 
Olefin, mil limoles/mole 

1.2 

2,3-dlmethylbutane charged 

Totkl carhonyl, millimoles /mole 

2.9 

1.5 

2,3-dimethylhutane charged ...... 

Formaldehyde, millimoles /mole 

Trace 

5.0 

2,3-diniethylbutane charged 

Acid, millimole B /mole 

Trace 

0.18 

2,5-dimethyIbutane charged 

None 

Hone 
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TABLE V.- OXIDATION OF 5-HEPTENE AMD n-HEPTAME 



5-heptene 

n-heptane 


1 

0 

X 

1 

0 

X 




> 

.Jv 



Conditions : 

Con 5 )Ositlon, mole hydxocarbon/mole 

oxygen * 

0.10 

0.10 

0.10 

0.09 

0.09 

0.09 

Temperature, °C 

350 

400 

450 

350 

400 

450 

Contact time, sec 

0.0l^ 

o.o4 

o.o4 

o.o4 

0.04 

0.04 

Product analysis; 

Hydrogen peroxide, mllUmoles/mole 

0,36 




63 


hydrocarbon charged 

3.3 

27 

0.3 

79 

organic peroxiaes, miJ-Limoxes/moxe 

0.64 






hydrocarbon charged 

.21 

i^-5 

9.1 

11.3 

2.1 

Olefin, millimoles /mole 


(a) 



hydrocarbon charged . 

(a) 

(a) 

2.9 

58 

78 

Total carbonyl, inllllmoles/mole 







‘hvT^T*fV»rL‘rhn'n 

Q2l*QrCw 


220 







Aldehyde, millimole s /mole 




2.6 

360 

560 

hydrocarbon charged ......... 

Trace 

9A 

no 

Acid, mlUimoles/mole 




4.0 


60 

hydrocarbon charged 

None 

1.7 

28 

57 


®Not determiaed. 
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5CABLB VI.- CQMPAEOBON OF RESULOB OF ISOOCTABE OJOMTIOir 
IN EEAjCTION tubes OF DIFFERENT DIAMETERS 


ReacblOB-tube di.ajneter , In. ....... 

l/l 6 

lA 

Conditions: 

Con^poBltionJ mole hyirocaxbon/mole 
- oxygen 

0.08 

0.08 

Tenuperatiure, °C . 

450 

450 

Contact time, sec 

0.68 

0.68 

AnaJLyBis: . 

E^ydrogen peroxide, mlUlmoles/niole 

tydrocarbon charged 

i4.T 

47 

Organic peroxides, ini 11 .1 mole s /mole 

hydrocarhon changed ......... 

■1.4 



Olefin, milllmDles/mole 

hydrocarton charged ......... 

46 

58 

Total carbonyl, milliuioles/mole 

hydrocarbon charged 

55 

74 

Pormaldebyde, miHimoleB/mole 

hydrocarbon charged . 

12 

17 

Acid, milJ. 1 moles/mole 

tytooearbon charged 

6.5 

12 

















Outside 

thermocouple 

readino 



of: 

600 ^ i 



r 1 

Kr> 

A 


rr? 

\JL. 


r 




- With 1/4' I.D. gloss tube 

^ 


- ,With 1/16" 1. D. gloss tube 

1 1 1 !j 1 




Bottom 

housing reaction tube, in. 


an In 15 -lnch-long glase reactor tiibes 
Lde disiiaetjers • Ztero SLirfiOw" ra^e. 





Millimoles product/mole hydrocarbon [HC] passing 


2: 



Figure 2.- Courparlson of oxidation products of isooctane and 2,2,5- 

trimethylliexane at 550° C. 
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Figure 3.- Coniparlson of oxidation products of 3 -lieptene and n-heptane 



Contact time, sec 


Figure 4 .- Comparison of oxidation products of isobutene and isobutane 

at 550° C. 
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